


f 


ns Cain 






Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1958 


Vortex formations caused by fluid flow across 
a slot in a flat plate. 


Axe, John R. 


Monterey, California: U.S. Naval Postgraduate School 


http://ndl.handle.net/10945/14772 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
get Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


7 


- 


uJ 
> 
tl 
ae 
YO 
fa 
A 
—) 
a. 
= 








VORTEX FORMATIONS 


LATE 


4 
‘ 


AUSED BY FLUID 


SAS 





FLOW ACROS 


JOHN RB. AXE 


* >a 
4.o 
5 Yheat 
.. 
> 
A » ’ 
* a 
‘ . 
| wd ~ rt. 
_ r 
~~" 
=" + 
= are ’ 
? 
; 
en » > F 
s * 
: ¥ Me yah 
. me me 
“4 y 1 
- ‘ 
< 
v 
e > 
_ 


bot 
been 
>." he 
" 
> 
_ a} 
1 Ta +. 
> 
Ps 
> 
Maia a 
: 0 . . 
a] 
« Dadu® 5 ad de ue 
ere, Sie UD ‘ al _ 
4 
A * 
: 1 he A " 
® 
. >» 
nN 
Ae 
hu gun Fo 
’ : . 
_ . 
. ™ 
‘ <“ 
ae 
mo 
" 
" : 
— 
— 
, 
athe > 


se 


mes 


my 


wo fn:' Be Bolin ha Pease non hehe Be 








- ~ deca rr we valor ty 
5 ito My ie a Neh PSO! 

EE Ie SN 
=, ee 





Pde Rea inl 


te ON ee toncer ee 
“i bp Mere > wr al hPa tien 

mardi techy makers roe Te 
a ¥ ee 
mated. Sarasa teal 





ee rye 
» 4 - 4 
~ ™ we » We " = 
“ . me 
- = 1 . = “ . 
* Boe 
. peg BLP. 
* shin 4 hale = : 
- -- ond 
. -. 
Sad ote’ A “i — _ arte h, 
=" ee 
~ - ~ rar = 
' ea 7 
. wa oe 
»s — 
< . “ ~~ 
- “ ® a 
= ate Tb ~ ~~ +. 
- efi te ae 
os 
. - 
ad - a 
ae <t ® o ° “4 
“ - ~=—** nde 
4 = at 
a ‘ - 
LN alte 2 
* =) bere be Tarts Sapte 
on ‘ = 
* ae ‘ et 
_ >> 
vie — = 
. nite tag” - a 
mtg ty bel. ee ee a 
. -> * 
Py Pow & ~~ ee ~ 
Mga nt te he 
Se = 
2 
tT 
> > clad 
= 
i * 
iw ~— . 
~% a 
.' s 
a Sa 
“4 ~ ~~ a 
- = 
" > - * 
> - ¢ 
sf a* = =e 
“<r 
i > 
= . a 
~ 
, 
> 
x 
- x 
a 
. 
eS 
- " 
+ 


DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 























VORTEX FORMATIONS CAUSED BY FLUID FLOW 


ACROSS A SLOT IN A FLAT PLATE 


John R. Axe 














VORTEX FORMATIONS CAUSED BY FLUID FLOW 


ACROSS A SLOT IN A FLAT PLATE 


by 
John R. Axe 


\\ 


Lieutenant, United States Navy 


Submitted in partial fulfillment of 
the requirements for the degree of 


MASTER OF SCIENCE 
IN 
MECHANICAL ENGINEER ING 


United States Naval Postgraduate School 
Monterey, California 


1958 


IHe\\E 


- = ‘ 





VORTEX FORMATIONS CAUSED BY FLUID FLOW 
ACROSS A SLOT IN A FLAT PLATE 


by 
John R. Axe 


This work is aocepted as fulfilling 
the thesis requirements for the degree of 
MASTER OF SCIENCE 
IN 


MECHANICAL ENGINEERING 


from the 


United States Naval Postgraduate School 





ABSTRACT 

The uniform flow of a fluid over a flat plate with a discontinuity 
in the form of a slot exposing a finite size cavity was investigated 
with the objective of determining the effect of variation of fluid 
velocity, slot length, and cavity size upon the frequency and stability 
of vortex formation. The correlating dimensionless parameters which 
evolve are the ratio of acoustical power to the free stream power, the 
acoustical quality of the resonant cavity, the Strouhal number based on 
the slot length, and the Reynold's number also based on the slot length. 

The experimental work was performed from January 1958 through 
May 1958 at the United States Naval Postgraduate School, Monterey, 


California. 
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le introduction 





If two streams of the same fluid with different EAL wt 
4 en are 
velocities unite such that their resulting flow is oe 
UU (a\ pa 
parallel, at the instant of union there is formed . “y 
' : a 
at their mutual interface a surface of velocity ene ag 
aeiaet ee ries 
discontinuity (Fizure la ). Any disturbance in (Lb) too 


the surface causes an unstatlse distribution of the Figure 1] 


pressure, and the disturbance increases rapidly in (a) ~~ +t “+27 +t \ 
6 Soe 


Size, while internal friction chanves the surface 


OF Le 


ie lt is that the surf breaks d int ddi ) ; Son 
esu s tha e surface breaks down into eddies (¢ 4) SE) 
a - 


into a fluid layer with rotation. rae The 


or vorticies, usually irregular (Figure 2). [2] Figure 2 

If a relatively thin edge is placed in the stream perpendicular 
to the direction of flow, under the proper circumstances, the stream 
will undulate and shed vortices at periodic intervals. [3] 

Yhen air is used as the fluid, this osocillitory motion produces 
clearly audible tones. The principle has been used for centuries in 
organ pipes, whistles, etc., but it wasn't until 1854 that Sondhaus [4] 
discovered that the resonatins column was not necessary; that the tones 
could be produced by blowing a jet of air against en edge. Since that 
time "edge tones" have been a favorite subject of investicators,. and 
though considerable work has been done, the theory is still rudinentary. 
Of the more important experimental studies, ¥. E, Benton [5] and L. G. 


Richardson [6] prefer an explanation based on the hydrodynamios of 4 


Inumbers in brackets refor to references listed in the Bibliosraphy. 





viscous fluid, relatins the shenomena to a von=Karman vortex street, where 
the vortices take spacinss of optimum stability depending on the geometry 
of the system. G. 3, Brown [7] takes stronz exception to this hypothesis, 
favoring instead the theory that a campression wave travels back from the 
edge at acoustic velocity and trigrers succeeding vortices. In a recent 
paper, ¥. L. Nyborg [8] presents a theory based on an equation of motion 
for the self maintained oscillations of a jet in a jet-edge system. With- 
out attempting to justify their origin, transverse forces are assumed which 
act on each particle of the jet. Then the dynamical lew for a particle 
traveling along the jet is cast in the form of a non-linear integral 
equation. After certain simplifying assumptions, solutions are obtained 
which predict the configuration of the jet with time and the frequency of 
oscillations. 

All known previous work in this field has dealt with the effect on 
a thin jet flow encountering some wedge shapee 

The objective of this investigation was to study the offects on a 
uniform flow over a flat plate which has a discontinuity in the form of a 
slot exposing a finite size cavity. 

It was expected the effects which are produced are similar to those 
of jet flow, namely, the mixing of the flow and possible generation of 
periodic vorticies. 

The independent variables influencing the fluid motion which were 
investigated included velocity of the stream, length of slot and size of 


cavity. 








2e Description of Apparatus 

The apparatus for description  »irposes scan Pe Givified bite six 
sections (Figure 3): 1) the entrance section, 2) tae tunnel, 3) tre test 
section, 4) the tank, 5) the diffuser section, and 4) tile »lower. 

The entrance section wiich wes covere? by two 1° inc. screens wit 
2-" separation, reduced the area from 34" x 25" #3 2" x 10" followin> sie 
countour of the Borda Moutipiece (11] . Overall lencth of tie entrance 
section was 25505 Joints, seams, and irre ‘vlarities were filled wit 
modelin~ clay. 

Followins the entrance was the tunnel of &" x 10" sroseesectien and 
9 feet lenrth. 

The test section consisted of the first 13" of the tunnel «ver the 
tGank (Firure 4). Sides were made cof clear plastic to permit onsorvat) r 
and photo-raphy. The bottom was a flat plate witni a square edt-e of 9,1" 
thickness which was free to slide in the grooved plastic sides formin: a 
variable slot across the tunnel over the tank. The loadiny ed-e of lip 
of the slot had a series of five pressure taps across tre tircel. In 
tne top of the tunnel over the test section was a microrieter arran-ement 
for raisins and lowerin* various types of pressure probes, and a rusber 
seal permitted lonzitudinal traversing the first 8" of the test section. 

* A tank, 8" wide, 17" lonz, and 48" deep, was located below the test 
section. Provision was made for filling the tank with water to vary the 
os of the air space in the tank. A glass tube, conrected to both tap 
and bottom of the tank, permitted measurement of the air space in the 


tank. A series of taps every 4" down one side of the tank were instalied 


in order to probe the sound prossure distribution in the tank with a 





ENTRANCE 
SECTION 





3 SS TEST SECTION 


pea 
eS 


tt TUNNEL 


— : DIFFUSER 


CTION 


| TANK 


Fisure 4 


Bxperimental Apparatus - Overall View 


Micrometer device 
for raising and lowering 
probe 


Lobe geedeipa eta iD 


a 
DE et 





: OLED SAAD A DSTA MOLY i LOLLY A iy ALY Ye aa? 


| Test Section 


j 
Intrance | 
section ) | Direction 
of flow 
| Probe 


=<. = ae EY ge alhmemer” lager” demain AD OLE LOE, Comptes vn sthnnasnthtronsy 





7 
a 


aA S SSSA 


Tap for 
microphone 


Figure 4 
Test Seotion 













oO 


a 
microoh -ne,> 


+ 


Fallowin; t.e timnel was a diffuser tautuct, w 
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W wekt ErotMtie 
3" 2 16" tonnel crossesectio ts a 24" elrovar srossesection in 4C" of 
len-th. Tris anounted te a diff.str anrle of about 22°. Durin~ early 
tests or true seteip, it was found tiat separation wa. occurring in tre 
miffuser, causin” sbr-in- 7-4 the Simmel velooit at tne test sesticn, 
T. saprress tne secsreation and slininate the svrein~, vortex generators 
were installe? in tze dif user secticr. These scorsisve:! of tiree rints 
made of cree:field electrical conduit. Trey were installe! at poirts 
3", 1°", ant 28" “rom the diffuser ontrasce by wirint the rings to rods 
rlacel] digretrically ir tne diffuser. Clearasce Setwaer tig moter dias 

on 
meter o* the rin~s and the sides of the di?iser averaced frou 2 a 
The diffuser was ‘sined to tne Llower sy a canvas rin-. 
© cahtrifl:caleviower rated at S00 c.f... WAM G Of water ay 180 
romero Wal ise Go ball air tcroufh tae tinmtel. che air flow was con- 
trolie” Wito a slidinz ~-anel shoke on tue slower ex! aust and permitted 
vélrcities at tie test sestion fret 17.2 ft/sec te 132 ft/sec. The 
Miowsr vas dr)ver oth a 220mbit, 2.crasc, 5!) Be. yotor. 


aioke -ereratLor, lor visttal ofeervation, was constructec and us 
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3.0 Instrumentation 
Velocities were calculated from the pressure differential between a 
total head probe in the test section and the static taps immediately shead 
of the slot, and were taken to be the velocit: at the probee Comparison 
of this method with a pitotestatic probe ~ave suistantially the seme results. 
Probes were larrely made in the laboratory sy soldering tozvether cone 


oe 1 
centric brass tubin=. Barrels were made of 4" 


stock with tips of various 
5126 

When takinz velocity profiles, particularly when probing the mixing 
rerion, a micromanometer manufactured by the Flow Corp. of Cambridge, Mass. 
Type lifie2, was used to measure the pressure differential with graduations 
to 2001" of water. In all other cases an ordinary oil filled manometer 
rraduated to 201" of water up to 3" and to 0.1" above that was used. 

The probe position was measured vertically with the micrometer 
arranzement on the top of the test section to .001" and horizontally with 
a craduated scale to .03", 

Slot length were measured on a graduate scale to .03" and the height 
of water in the tank was measured similarly to 0.1". 

The pickup of the generated tones was accomplished using an Altec 
BR 180 condenser microphone with a 3 3/16" probe, 1/15" I.De, located in 
the tank 4" below the slot. 

The frequency was measured to one o:cle with a Model 521C frequency 
counter and by comparison with a Model 2008 audio oscillator calibrated 
with the counter, both manufactured by the Hewlett Packard Instrument Co. 


of Palo Alto, California. The amplitude of the tones were measured with 


@ Model 400A vacuum tube volt meter and a Model 130 calibrated oscillos= 





cope to .05 volts both also manufactured by the Hewlett Packard 
Instrument Co. Wave shapes were observed on the oscilloscope. Photo-= 
graphs _ made with a 55mm camera and lighting was obtained fram a 
Strobolux, Type 648A, and a Strobotac, Type 6313 manufactured by the 
Gengral Radio Company of Canbridge, Mass. with which visual observation 
could also be made. 

A mercury barometer and thermgneter located within 10 feet of the 


entrance section provided data on local atmospheric conditions. 


LO 





4, Experimental Procedure 

The experimental work was divided into two phasese Phase 1 was 
devoted to obtaining the flow characteristics of the system: velocity 
profiles, boundaries of the mixing region, nature of the vorticities 
and initial boundary layer thiokness. In phase 2, the overall relation-= 
ship of the various system parameters to the oscillitory motion was 
obtainede 
Phase 1] 

Depending on the circumstances the type probe was seleoted first, 
and inserted in the micrometer device over the test section through the 
entrance seotion by removing the soreens. After aligning the probe by 
eye at the lip of the slot, the screens were replaced, the blower was 
turned on and permitted to come up to speede Slot length was set and 
velocity was adjusted to some desired value with the choke on the blower 
exhaust. All] runs in phase 1 were conduoted with the tank at maximum 
volume. After the micrometer device had been set to some selected posi- 
tion in the horizontal direction, the probe was then lowered, recording 
vertical erate position and pressure differential. Profiles were obtained 
both with and without oscillitory motione 

In addition to complete profiles, runs were conducted to determine 
as accurately as possible the disposition of the lower boundary in the 
mixing region. In these runs only the lower part of the mixing region 
Was probed with a total head probs. When there was no oscillation of 
the flow a minimum pressure differential was taken as the boundary and 


with oscillation a zero reading on the micromanometer was taken as the 


bound ary e 


ll 





Measurements of the initial boundary layer thickness were made 
with a boundary layer probe at the lip of the slot. These measurements 
were made with the slot both opened and closede 

Photographs of flowwere also taken during this phase. Due to limita- 
tions of the frequency ranse of the Strobolux (233 o.p.s. max.) pictures 
were obtainable only for the low frequency vortex formation. 
Phase 2 

These runs were made observing velocity, slot length, tank height, 
frequency, and acoustic overpressure. Various runs were made holding one 
or more of these system parameters constant and adjusting the remaining 
parameters until maximum sound pressure was obtained. 

It became apparent that the tank did not amplify all frequencies 
equally. In order to evaluate the magnitude of the amplification, the 


acoustical quality of the tank as a resonator was determined over the 


frequency range by driving the tank with a loudspeaker located in the tunnel 


over the slot end measuring the sound pressure in the tank. Readings were 


taken at the resonant frequency and frequencies on either side of resonance 


at which the sound pressure was 0.707 of the resonant value for reasons to 


be discussed later. 


ie 


—_ 


—— 





Se theory 
As noted before, all known previous experimental work in this field 
has dealt with a jet-edge confivuration. The same may be said about all 
known theoretical analyses except where comparison has been made to the 
Karman vortex street behind a ovlinder. While there is no close physical 
resemblance between the present system and a jet-edze, the basic require-= 
ments exist. There is a union of two fluid streams of different velocity 
with a resultins surface of discontinuity, and a thin edreelike obstacle 
in the path of the mixing fluid. It was expected, therefore, that the 
present system was a modification of the jet-edze. 
Considerines first the problem of the mixinz fluid which follows the 
breakdown of the surface of discontinuity, a solution for the velocity 
profile is presented by Sohlichtinz, [9] who treats it as a problem of | 
non=steady parallel flow. 
At time to, Uz and Uy unite at y # 0 
(Figure 6). The situation is unstable and 
Mie bulancs smoothes out the transition so that 
at any time after t, the velocity is continuous 
end in the mixing zone u = u (y,t) and v = 0 


(Figure 7). 





substitution of Prandtl's mixing length 


equation, 


oe 
Caen: 4 oh, oA le 


in the two dimensional laminar incompressible boundary layer equations, 
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du 


; au Zidu id A 
yields at == Jt ja Zz Se 
ry) Uv 
Assuming similar velocity profiles, then u =f (4), where 4 . 
y/o; a non-dimensional profile parameter and b, the half width of the 
mixing zone at time t after t,, is proportional to t. This gives 
be Bty ns y/> = y/Bt te 


The velocity is then assumed to be of the form 
ne L 
us 2(0, 4 U,) A B(U, Af UL) YC) Be 
where $(7) is a nondimensional stream function satisfying the oontinuity 
equations The boundary oonditions imposed are, y= Z 1 at ic a le 
Substituting these in 3., yields 


op COP WP | 
Ton + AR Sy ane 9 a 








where it is assumed = VY, = (an empirical constant), and C = 3(Uy ~ Un)e 
Eliminating the trivial solution 5 = 0, i.e.,= (a constant), which 


represents constant velooity, and dividing by a leaves 


Integrating gives 


p= Cn +Can Be 


The boundary conditions #(0) = 0 and 2b (Z1) = 0, determine the con- 
cyt: 
f 


stants Cy = ~* and Cy = =. The velocity profile is then 


tojH 


u(y,t) = 3(U, 4 Ug) A F(Uy - Ue) | 5 ie) =: | 
9 


2 
where b= % A (Uy - Ug)t 
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It may also be shown that t is proportional to x and, therefore, 
b = (a constant) x. 

Prandtl (2) has experimentally verified this, but in the region of 
no vortex formation, he has found that the sane value of b, the half width, 
does not hold for both the upper and lower boundary of the mixing region. 
His results indicate that 

by/, = 02125 and bef 2 06100 

Velocity profiles showing an infleotion point of the type given by 
equation 9. lead to the formation of vortices. Prandtl has found experi- 
mentally that these vortices travel downstream with a velocity equal to 
approximately 1/2(U1 + Uy). If the shedding of vortices is periodic, 
they will form at some frequency f, number of vortices per second, and 
the spacing between any two suocessive vortices will be “zt ee Lf it 
is assumed that a new vortex forms at the lip of the slot as the center of 
the previous vortex reaches the plate and that each vortex travels ina 
atraight course across the slot then 


= (Uy + Us) 
of 


10. 


putting Uo, the velocity in the tank, equal to zero and rearranging gives 


1 


net lie 
v2 


S18 


Equation 11. does not take into consideration the possibility of more 
than one vortex present at any time, and it is a well known fact in the 
jet=-edge phenomena that as many as four staces are possible. [7] 
Accordingly, assuming the vortices will space themselves equidistantly, 


ll. is modified 4 a 1/2 
n 


LL TT 





a. ene 





fL n 
S = =< we a= Ze 
or Strne= 7 = 5 
where nz ll, 2, 5 ..., is the stage number of vortex formation and 
corresponds to the number of vortices present at any instant, and the 
dimensionless ratio fL/U is defined as the Strouhal Number (Str ). 


For the jet-edge, by a different approach, Nyborg [8] has obtained 


f [exfate) “ Le 1) 136 


where k = 1, 3, 5, .».« which correspond to stazes 1, 2, 3, eee 
respectively, and where ulx) corresponds to the vortex velocity. 
If a constant averave value of 4U is substituted in 13. foru' (x) 


and the interration performed, then 


A. 
Str = fL/u — ete ¢ al” 14. 


Also for the jeteedge, Brown [7] has obtained empirically, where 
U >>1.3 ft/sec and L <<5.6F, 
Str = fL/U = .466; 1S. 
where j x l, 2.5, 3.8, 54 for stages 1, 2, 3, 4 respectively. 
Table 1 shows the values of Str, for the first three stages as 
obtained using equations 12, 14, and 15. 


Table 1 = Str by various methods 


; 
eqn/n | ies eee | 3 
et aneare em aneeweremninerrecereioan tar anna Aut on enter a ee Sass Cet 


12 | 4500 | 1,000 | 1.500 | 
{ 

| 
14 : 354. 866 10370 | 
15 | 6466 *° «1607 | 1077 | 


It was assumed above that the periodic shedding of vortices would 


take place. The periodic nature of the phenomena implies an element of 


16 





feedback, i.e., a given vortex influences the next succeeding vortex. [8] 
This influence is exerted in the form of the acoustic overpressure. In 
the present system the route of the feedback is through the tank which is 
fundamentally a resonator. 

Analytical attempts to introduce the influence of the cavity were 
unsuccessful since the nature of the coupling and feedback mechaniam is 
not completely understood either by the author or others (5, 6, 7, 8] . 
Thus a dimensional analysis approach was undertaken to determine some 
parameter which accounts for this phenomena. Of the parameters investi- 
gated, that of the power ratio, Z, proved to be the most useful. The 
power ratio is defined as Z + a is effectively the ratio 
of the power output of the cavity per unit area of the slot, to the power 
input from the stream per unit. area of the slot. The power ratio para- 
meter also being the produot of pressure coefficient and Strouhal numbers 
was thus used to replace the pressure coefficient as a correlating para- 
meter. The other non-dimensional quantities besides the Strouhal 
number which evolve are the Reynolds number and acoustical quality, Qo 
The acoustical quality being a parameter which characterizes the acoustical 
behavior of a resonator with its resonant freqenciese 

An acoustical resonator will have two methods of vibration. First 
by establishing standing waves of pressure distribution with regularly 
spaced nodes and anti-nodes, and second by what is termed Helmholt, 
vibration where the entire volume of air is compressed simulteneously. [10] 

In the first method, the resonant frequencies for a rectangular 
volume are given by a solution to the wave equation when appropriate 


boundary conditions are substituted. 





Then from Kinsler and Frey (10) 
= 


[~ é 2 oe Sf 
f = 0/2] (a2) es (=44 ws (—, ° 16 


h a7 


where c is the velocity of sound, and 


me = 0, 1, 2, 5, oo 
are the mode numbers for the tank, arc h, d, and w are the tank height, 
lensth, and width, respectively. The curves in figure 8 show f vs i/n 
for various uodes. The mmbers in parentheses indicate (m), Mo) with 
mz 8 O, 
In the Heinholtz method, there is a sincle mode of vibration and the 
parameters of the system may be considered lunped. The resonant frequency 


is siven by (10) 
ic oo a L7o 


where ¢ is the velocity of sounc, A is the area of the Opening in the 
resonator and V its volume. G is the effective length of the openinz, 
dependins on its confiruration, and must be determined empirically in most 
CASOS. 

An acoustical resonator ig analogous to an inductance-capacitance 
electrical circuit. It offers a high impedanse to the resonant frequency 
amnplifyins it, and a low impedanoe to all other frequencies, suppressing 
theme In both methods of vibration the acoustical quality, Q, is a 
measure of the acoustic impedance, and hence the amplification of the 
resonator.{10}] Q is now defined as 


een 18, 


1 = 
LS 





where f, is the resonant frequency and f, and f, are the frequencies above 
and below resonance at which the averace power is half the resonant value; 
and the resonant frequency for a rigid system being determined by the wave 
equation or Helmholtz relation. For a nonerigid s.stem other variables 

such as materials, type of construction, and power of driving also influ- 


ence the system, and the frequencies must be empirically determined. 


Z 


Since acoustical power [10] is proportional to Pa then at the half 


power points pa, # Pag = 0-707p_.e 
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6. Experimental Results 

hxperimental data are tabulated in Appendix I, and also presented 
in graphical form in Appendix II. 

Data for phase 1 snow the observed values of pressure differential, 
probe position in the horizontal and vertical directions, and the calou- 
lated values of velocity, velocit, ratio, and position ratiose 

Data from the runs for phase 2 show the observed values of frequency, 
slot length, tank height, pressure differential, and the voltage output 
of the microphone. The calculated values shown are velocity of the 
central stream, seciprocal of the tank heisht, acoustic overpressure, and 
the calculated dimensionless ratios: Reynold's Number, Strouhal Number, 
pressure coefficient, and the power ratio.e 

Other tabulations include the data for the calibration of the microe 
phone, acoustical quality and resonant frequency of the tank when driven 
with a loudspeaker. 

Included in Appendix III are a series of photographs snowing the 


vortex formations in the slote 
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7. Sources of Error 

Principle sources of error in the present system lie in the inherent 
uncertainties in the measurements of the observed values. Based on the 
accuracy of the instrumentation, maximum uncertainty or uncertainty at 
the point of most interest for the various values is tabulated below. 


Table 2 - Per cent Uncertainty 





me OO Re ett AN NE EE A 1 sae Spee 


| 


Quantity aint 


Pressure differential | 
Slot length | 
Tank height ! 
Frequency | 
Voltage output of microphone 
Probe position, x and y 

Velocity 

Acoustic overpressure 

Acoustical quality 

Reynold's number 

Strouhal number 

Pressure coefficient | 
Re/Str | 


Power Ratio | 


a 


CI 
° 
© 
& 
oe 8 @ @ 


n 

OS Se oO Oe ea 
& 

ooaoqooooomnoomno$9” a 


ee 8® @ 9o 
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These are the maximum uncertainties and in general improve with 
increasing magnitude of the quantity. Two exceptions of note are the 
voltage output of the microphone and the acoustical quality of the tank. 

The accuracy of the vacuum tube volt meter was such that with the 
changing of scales approximately the same per cent uncertainty was maine 
tained. As for the acoustical quality, the uncertainty increases with 
increasing magnitude, since the peaks in the resonance ourve become 
sharper and the difference in frequency at the half power points smaller. 
Accordingly, the uncertainty listed above is for a high acoustical quality. 

The foregoing estimate of uncertainty is based on the accuracy of 


the instrumentation and is in agreement with the reproducibility of results. 
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rom misaligrment of the pressure 


- 


d the fact that the microphone was not located at a pressure 


m in the tenk. 








8. Discussion of Results 
Phase l 

As seen in figure 10 the velocity profiles obtained without oscilla~ 
tion are similar, and in figure 11 the boundaries of the mixing zone vary 
linearly with x when renoved from the influence of the initial boundary 
layers The upper and lower slopes of the mixing zone, 

b,/x = 0.066 and bo/x = 0.191, 

are not in agreement with the values, b, /x = 0.125 and bo/x = 0.100, given 
by Prandtl [2] e it is also obvious equation 9. does not describe the 
velocity profile observed in this system. This is due to the fact that 
equation 9. does not consider the initial boundary layer in the stream of 
the actual flow and also because equation 9. assumes a mixing zone 
symmetric with the horizontal axis. 

When the stream oscillates the situation is completely changed. 
v7 O, the slopes of the mixing zone are no longer linear functions of x, 
and while velocity profiles retain the seme general shape they are not 
similar (Figure 13), Figure 12 shows the lower boundary of the mixing zone 
with a construction for the assumed path a vortex would travel in travers- 
ing the slot assuming the diameter of the vortex increases linearly with 
xe This general pattern of travel was observed visually, and may be seen 
in the sequence of photosraphs in Appendix III, namely that the vortices 
do not travel straight across the slot but rather dip below the horizontal, 
and from figure 13 it will be seen that the averase vortex velocity is 
more like 0.6U instead of 3U as was assumed in obtaining equations 12 
and 14. 


Figure 14 shows the variation of the initial boundary layer thickness 
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with velocity with the slot both opened and closed. In takinse the data 
for the ficure it was observed that while there was a relatively larze 
drop in the initial boundary layer thickness when the slot was opened by 
even a small amount, increasing the opening did not appreciably affect it 
further. 

The sharp increase in thickness with velocity is due to transition 
from a laminar to a turbulent boundary layer with the transition point 
passing the lip of the slot at about 25 ft/sec and moving upstream with 
increasing velocity. 

Previous investigators of the jet-edge have all noted that there is 
a minimum edge distance inside which there will be no stage of oscillatione 
Benton [5] gives empirically as a limiting value with increasing velocity 

Lain 7 10226 
where s is the narrow dimension for the jet. In the present system if 
the initial boundary layer thickness, by, is substituted for s by taking 
some point where the curve has flattened out, about 100 ft/sec, then 
Lngy = 0208 ine. 
It was found in this investigation that the minimum value obtained for L 
for various velocities above 50 ft/sec is about 0.6 ins. No other 
attempts to study the influence of the boundary layer were undertaken as 
the entrance section was desirned to keep the boundary layer small and 
minimize its effects. 
Phase 2 

Examination of figure 15 shows that the Strouhal number falls into 

three discreet bands with average values of 0.40, 0.95, and 1.50. These 


represent the stages of vortex formation for n #1, 2, 5 and fall within 
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the range of values given in table I, page 10. As the stage mumber in- 
creases the stability of vortex formation and value of the pressure 
coefficient, Cos decreases. Brown (7_ has reported a fourth stagefor jets, 
but higher stages were not observed in the present system. 

It was indicated earlier, a very intimate coupling exists between 
the stream-slot and the tank, and whereas, the tank is not the source of 
Oscillations, it does amplify them and the emplification is very selective. 
In fact, the net result of the above is that the stream=-slot is able to 
Oscillate only at the resonant frequency of the tank or not at all. 

It has also been shown that the resonant frequency of the tank is 
dependent on its dimensions and its Q is highly dependent on the materials, 
type of construction, and the amplitude of the driving sourcee 

In figure 8, f vs 1/h for the tank is compared with ourves predicted 
by equation 16. for standing waves, and with points obtained by driving 
the tank with a loudspeaker and the stream-slot. It will be noted that 
there is a larger offset for those points obtained when driving the tank 
with the stream=-slot. It is considered that this is caused by the change 
in effective volume of the tank oreated by the vorticese 

Figure 9 shows f vs 1/h for the Helmholtz method of vibration. The 
curve shown was determined experimentally. 

Figure 16 shows Q for the tank in mode (1,0) for standing waves as 
determined by using a loudspeaker, and Cy for staze 1 of the stream-slot 
at constant velocity over the same range of frequency. In addition to 
the large uncertainty in determining QC, it was not possible to drive the 
tank at tne same amplitude with the loudspeaker as with the strean-slot. 


The wide variation of Q suggests some other form of acoustical 
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contribution, possibly from the tunnel or inlet section which have resonat- 
ing shapes also. However, it is evident that the correlation between Q 


and Cy is such that a maximum C, will ocour at points of maximum @, when 


Pp 
the tank vibrates in the standing wave method. 

With the tank vibrating in the Helmholtz method, a maximum Q of 15 
was found at 53 cyc/sec using a loudspeaker but when driving the tank with 


the stream-slot in stave 1 a maximum C,. of 3.11 was observed at about 


Pp 
65 cyc/sec for the same velocity as in figure 16. This again points out 
the shift in frequency caused by the vortices changing the effeotive volume 
of the tank and also indicates, despite the low Q as compared with that for 
standins waves, that the action of the Helmholtz method is such as the 
cause freater acoustic overpressures. 

It has been shown that the relative mavnitude of the Str determines 
the stave of vortex formation and that G is the factor which correlates 
Cy for different frequencies in a siven mode of standing wave vibration 
for the tank. The various variables are now combined in a single plot of 
Ch Str/.i or 2/0 vs Re/Str (Figure 17). In figure 17 a series of runs was 
made in which points of maximum Q were sought a 65, 300, and 425 cyc/seo. 
In obtainins these points velocity and slot length were varied, and tank 
height was adjusted for maximum acoustic overpressure. Thus frequency 
was not constant but varied over a small rane, accordingly it was assumed 
that ® remained constant where maximum acoustic Overpressure was obtained, 
and that the shi in frequency was due to the chanrve in effective volume 
of the tank. 

From firure 17, it is evident that Z/. has a maximum at about Re/Str 


«= 2.5 x 10° for all staves and frequencies, and that at this maximum the 





value of Z/Q is the same for all stares of vortex formation for a given 
method of vibration of the tank. The action of the Helmholtz method in 
causing greater acoustic overpressures is also clearly shown where in 

the present system the ratio of the maximums between the Helmholtz method 


and the standinz wave method is about 10 to le 


“aes 


a 





9. Conclusions 
l. The uniform flow of a fluid over a flat plate having a discone- 
tinuity in the form of a slot exposing a finite size cavity is held to 
be a modification of the jet-edze. 
2e The initial boundary layer thickness determines the minimum 
slot length at which the stream will oscillate regardless of any other 
conditions, and this minimum is of the same order of magnitude as the 
initial boundary layer thickness. 
Se Within the range of parameters investigated the Strouhal number 
falls into three distinot bands with average values of approximately 
Str =z 0-40 for Stage l 
Str = 0,95 for Stage 2 
Str. #8 1.50 for Stage 3 
indicating the stage of oscillation of the stream, where in stage 1, one 
vortex is present. In stage 2, two vortices are present simultaneously, 
end stage 3, three vortices. Higher stages may be possible but in the 
present system these were not observed. 
4. As the stage number inoreases the stability of vortex formation 
and the value of Cy decreaseBe 
5. Oscillation is markedly affeoted by the presence of a resonator, 
in that a) the resonator will determine the frequency of oscillation if 
oscillation occurs, b) in the standing wave method the acoustic over- 
pressure is directly proportional to the acoustical quality of the reson-= 
ator, and c) when the resonator acts in the Helmholtz method its 
influence is such as to cause greater acoustic overpressures tnan the 


standing wave method even though Q is smaller. 
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6. The power ratio/acoustical quality, 2/2, exhibits a maximum at 
Re/Stwie 2.5 x 10° for all stazes and modes of vibration of the tank. 

7. At this maximun, zZ/Q is the sane for all stares of vortex forma-= 
tion for a given method of vibration of the tank. 
| 8. In the present systen the action of the Helmholtz. method of 
vibration in causing greater acoustic overpressures is of the order of 


ten times that of the standing wave method at Re /Str = 200 X Row 


ao 


er 





10. Recommendations 


There is still ample room in this field for both experimental and 
theoretical work. In the particular phase investizated here, it is recom- 


mended in future investigations that a more accurate means of determining 


the acoustical quality of the resonator be found. 
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APPENDIX Jf 
RUN DATA 
Phase 1] 


Velocity profiles without oscillation 


Run 101 


T = 65°F, P = 30.02"dg 


x = 0.00", L = 0.00", x/L = .000, f 2 O, h ~ 47,5" 


Total head probe 1/15" OD x 1/32" ID 


y y% Ap 
hae b @ 2500 "HO 
2045 0 090 daly 
BOTS ooo 1.42 
«L000 e200 1553 
AUST] e000 Lev 
e 200 0400 1.80 
e300 e 800 1286 
e400 e300 1287 
0900 1,000 1.89 
e700 1.89 
1.000 1.89 
1.500 1.89 
2.00 1.89 
5.00 1.90 
4-200 1489 
5.00 1.90 
6.00 1.90 
7.00 1.90 
8 00 1.89 
9.00 1.8$ 
Run 102 


T = 67°F, P = 29,98"He 


x 


U 
'/sec 


1202 
79.6 
82.5 
8705 
89.6 
91.0 
91.2 
91.8 
91.8 
91.8 
91.8 
91.8 
9200 
91.8 
9220 
9220 
92.0 
91.8 
91.8 


u/U 


e786 
0866 
898 
e950 
$970 
«990 
0995 


1.000 


Os00! ile= 4,20" eee c000, f SeCy ny Sea 7t5" 


Total head probe 1/16" OD x 1/32" ID 


y y/o Ap u u/U 
ino by> 0395 "HO '/sec 
bg= 2045 
1.025 1.97 93.8 
Sue 1.97 93.8 
2525 1.97 93.8 1.000 


O80 





Run 102 (Continued ) 


Run 203 


a 


v6 
ine 


0425 
0320 
0229 
0175 
0125 
» 100 
0075 
«050 
0025 
«000 
e010 
0025 
2050 


= 63°F, P ® 30,09"H¢ 


U. 
t/seo 


95.8 
95.95 
Jeet 
91.8 
90.0 
88 08 
86.5 
83.6 
(Mass, 
6744 
538 
392.8 

0.0 


meme .00, = 4.207 x/L = .238, f= 0, h = 47.5" 


Total head probe 1/16" OD x 1/32" ID 


y/o 


by = «400 


be =0255 


Ap 
"H90 


2200 
2200 
20G0 
1.98 
1.94 
1.90 
1.84 
Leor 
1.49 
1.25 

099 

73 


0900 
0370 
© 290 
2103 
~055 
022 
® O09 
» O04 


u 
'/sec 


93.9 
93.5 
9360 
9361 
Jae 
Giee 
898 
8569 
80.8 
74.0 
628 
5609 
46.8 
40.3 
2960 
ead 
14.8 

9.8 

6.5 


42 


54 





Run 103 (Continued) 


T = 63°F, P ® 30.09"H¢ 


mim 1.00, L = 4:20", x/L =.238, f = 0, Hh 47.5" 


Total head probe 1/16" ON x 1/32" ID 


y y/> mel u 
in. bz #2400 "HO '/seo 
bo = e2900 
@.2/5 6003 366 
= .900 e002 209 
Gy-As) 0035 SoG 
= 2350 e 004 442 
Run 104 


ee 65h; P = 30511"He 


= 2.00", Lam 4.20", x/L'$%476, £ 


Total head probe 1/16" OD x 1/32" ID 


y y/b Ap u 
ine by =.450 "HO '/se0 
bo = .425 
1.000 1.99 9547 
750 Feo? 9567 
e900 1.000 1.98 93.5 
400 «890 1.98 95 64 
e300 «666 1.97 9565 
e 200 0445 1.93 9264 
e150 0d04 1.85 90.4 
2100 tyiooe. illiens 88.0 
e050 Vail 1,04 8265 
e025 2056 1.34 770 
«900 e000 1.17 (BRS. 
-.05Q - .118 91 63.45 
= e100 - 2095 e 65 0546 
=.150 = 000 041] 42.6 
=. 200 ae e470 e240 SV APCS. 
= 250 - .588 .130 24.40 
-.2275 = 647 » 090 1oa2 
= 500 - 705 »059 16,1 
e920 - 7/65 2039 13.1 
=2000 = 624 ~020 924 
~2d75 =~ 382 e015 Bel 
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u/U 


038 
0031 
0058 
045 


O, h = 47,5" 


u/U 


] e000 
1.000 
0997 
996 
0995 
2985 
0965 
940 
880 
82) 
167 
0678 
e072 
0455 
0547 
° 206 
sole 
e172 
2140 
> 100 
0086 





Run 104 (Continued) 
{ = 65eF, P= 30.11"de 


= 2,00 sulger 45720" x/L = 2476, € Sopa: = ¢<7.5" 


a 
A 


Total head probe 1/16" CD x 1/32" ID 


y v/v Ap U. uf U 
ibe by =.450 "Ho0 '/sec 
by, 22425 
2 

= 2400 - 940 eOll 7.0 e075 
=2425 -1,000 e008 009 «063 
-.450 « 006 Sel » 054 
~475 ~005 4o7 050 
-.000 «007 506 «O60 
=.525 eGO7 D@6 060 
Run 105 


ie=so7 FY, P = 50.18"He 


Peo e000 get = 4.20") x/L = 4714, f = 0, h = 47.6" 


Total head probe 1/16" OD x 1/32" ID 


y 
kee 


y/> 


b #2520 
bye. 525 


¢ 960 
e010 
0076 
0084 
0 238 
mide 
0 O96 
e 000 
© O80 
e290 
« 240 
05 20 
0400 
0480 
0250 
2 540 
e 760 


Ap 
ttr 
HO 


re i 
eor 
1097 
1.97 
1.96 
1.91 


u 
' /se0 


95 24 
95.4 
95 4% 
93.4 
9320 
Tia 
88.2 
34.8 
80.35 
75 0 
70.0 
ze f 
560 
48 4 
41,5 
54.5 
2708 
25 20 
18 Alo 
10.85 
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u/U 


1,000 
1.000 
1.000 
1.000 
206 
0985 
0 945 
908 
«860 
0782 
e750 
«600 
2518 
045 
0ST] 
0298 
e 246 
2 1935 
oti 





Run 105 (Continued) 
T 2 67°F, P s 30,10"d¢g 
= oe 2 L420", x/h ms 714, PeRIO,, bh 847,55" 
Total head probe 1/13" OD x 1/52" ID 


y vfo Ap u u/U 


in. by #.520 "HO ' /se0 
bo 20725 . 

= 000 =.) 00 O16 84 0980 
= e020 = 06340 en Tod e078 
= 2000 =, 30 e009 654 o O67 
-.075 -0920 06 ae Ye: 0056 
- 6600 = 6950 005 4,7 2050 
= 650 #1040 o 106 See > C55 
=.700 » 007 O95 6080 
=./50 009 Seo 3067 
Run 106 


fHeeeyoCr, P= 30.30" 2 
pee ee One = 400" x/L = 296bu f = On 47,5" 
Total head probe 1/16" OD x 1/32" ID 


y vf Ap u aft 


in. by 2.590 "H50 t /sec 
020 2034 1.13 70.0 » 756 
»050 985 1.21 72.5 784 
2100 170 1.35 73.6 829 
2150 » 264 1,48 80.2 2887 
2 200 339 1.60 53.5 2902 
2500 .508 ae 8820 951 
»400 578 1.89 90.4 > 980 
2450 2763 1.93 91.5 989 
500 »848 1.94 9169 0993 
550 po2e 1,96 92.4 .998 
» 600 1,0@ 1.96 92.5 1.000 
» 700 1,97 92.6 1.000 
1.000 1,97 92,5 1.000 
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Run 107 


Ts 


67°F, P = 30.31"H¢ 


pee 4.05 i= 4.20" x/L.© 1,01, £0, Wee 47.5" 


Total head probe 1/16" OD x 1/32" ID 


1.000 
e750 
« 600 
2000 
«400 
2500 
« 200 
2150 
«100 
050 
025 
e020 


Run 108 


T= 61°F, P = 30.03"Hg 


Ap 
"Ho 


1.97 
1.97 
1.96 
1.93 
1.83 
1,70 
1.50 
1.39 
1.24 
1.10 
1.00 

095 


u 
'/seo 


9300 
93.0 
92.6 
92.0 
89.5 
86.5 
Sie 
78 ol 
7307 
69.5 
66.5 
64.0 


x 2 0,00", L= 4,20", f = 0, h = 47,5" 


Total head probe 1/16" OD x 1/32" ID 


Ji 
by = 2540 
b2 =.045 


1.027 


ai 


769 
0135 
0384 
0 206 


0128 © 


064 
2000 
03335 
Pastore) 
0567 
0778 
889 
0955 
e000 


Ap 
"HO 


200 
2200 
1.97 
1.92 
1.86 
1.72 
1.49 
1.27 

078 

009 


0226 
0147 
0038 
e009 
¢ O07 
2 000 
eOOL 


uM 
1 /seo 


95.6 
93.6 
9269 
91.7 
90.35 
86.9 
80.9 








Lower Soundary Wit: out Osoillation 
Run 109 


Total head probe 1/32" OD x 1/64" ID, f = 0, 1 = 47,5" 
*Indicates lower boundary limit 
T= 66°RAP = 30.24 "He, L = 4,20" 


0238 x = 1.50", x/L = 0357 


% = 0.50", x/L = .119,x 21,00", x/L 


yi Ap Se y oP 
in. Ho0 ine Ho0 ino H90 
-.100 0040 =. 200 e013 =. 200 ~028 
~e115 ©0114 e220 © 007 =e2/0 «020 
-.120 e008 ~e200* «006 ~.280 0014 
-2125 ~ 003 =.200 «006 = 2290 0012 
-,130* 7001 =.,500 2009 
~ 1355 © O01 =.d310 «007 
=O 25* e 004 
-.950 » 004 


x 3 2,00", x/L ® .476 x = 2.50", x/L-™ .595 x = 3.00", x/L = .714 


Ap BE any a 2p 
ine HO ine H,0 iNe HO 
=-.5090 sOle -.400 ~0351 =, 500 e025 
-.570 0014 -.450 e013 #2500 20135 
-.080 eOll ~.465 SUL =-.600 «009 
-.090 e009 =475 e008 ~ ,520* - 008 
~ 0400 e007 = 9 500* 2006 = .650 «008 
~ e42D* 2006 e000 e 006 = 700 » 008 

= 450 e005 


x = 3,50", x/L = .833 


vi a 
inié "HoO 
=. 600 e016 
=-.700 0014 
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Velocity Profiles with Oscillation 
Run 110 


T= 6PF, P = 30.09"Hg 
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Run 111 (Continued) 
T = 63°7, P = 30.17"Heg 
x = 2.00", L = 4,20", x/L 3 .476, f @ 31.6 cyc/ses, h ® 47.5" 
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Lower Boundary with Oscillation 
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Determination of Initial Boundary 
Run 113 
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Run 225 Q determination 
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Run 225 Calibration of Altec BR 180 Condenser Microphone 
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APPENDIX II 


Plots From Data 


Figures 8 through 17 
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APPENDIX III 
A series of photographs 
showing vortices in successive positions of travel across the slot. 


U = 31.0 ft/sec, f © 31.6 cyc/seo, L = 4.2 in., h © 47.5 in. 
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